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MASS SPECTROMETER HAVING AN ION
GUIDE WITH AN AXIAL FIELD

BACKGROUND

Mass spectrometers often employ multipole 10n guides to
focus and confine 1ons as they are transported along a path
from the 1onization source to the mass analyzer. Ion guides
generally include a plurality of elongated electrodes (some-
times referred to as rod electrodes) to which oscillatory volt-
ages are applied to establish a radially confining field. In
addition to the 1on transport function, ion guides may be
employed for the radial confinement of 10ns 1n a collision cell,
in which the internal volume of the 1on guide is pressurized
with collision gas, and 1ons entering the 10n guide undergo
fragmentation via the collision-induced dissociation mecha-
nism.

When 1on guides are located in relatively high-pressure
regions of the mass spectrometer, such as 1n chambers adja-
cent the 10nization source or within a collision cell, the 1nitial
axial velocities of the incoming 10ns are sharply reduced due
to collisions between the 1ons and background/collision gas.
This reduction 1n 10n axial velocity results 1 a higher resi-
dence time within the interior of the 1on guide, which may
adversely affect instrument performance. More specifically,
prolonged 10on residence times within the ion guide may
reduce sample throughput, decrease sensitivity, and impose
limits on various aspects of operation. In the example of triple
quadrupole mass spectrometers operated in multiple reaction
monitoring (MRM) mode, slowing of 1ons within the colli-
sion cell or upstream 1on guides will lengthen the required
dwell time at each precursor-product 10n transition, thereby
constraiming the number of different transitions that may be
monitored per unit time.

In order to increase the rate at which 1ons are axially trans-
ported through 1on guides, it 1s known to establish a static
axial field along part or all of the 10n guide length to urge 10ns
in the direction of the 1on guide exit. Various structures and

methods have been disclosed 1n the prior art for producing an
axial field of this type (see, e.g. U.S. Pat. Nos. 5,847,386;

6,111,250; 6,713,757, 7,067,802; and 7,675,031, which are
hereby fully incorporated by reference herein). However,
these structures and methods tend to cause distortion of the
radially-confimng oscillatory (e.g., radio-frequency (RF))
field, which may result in defocusing of the 1on beam and
consequent reduction in transmission eificiency. Applicant
believes that there 1s aneed 1n the mass spectrometry art for an
ion guide having structures for establishing an axial field that
avolds the radial-field distortion effects present in prior art
devices.

SUMMARY

An 10n guide may include a plurality of electrodes, a plu-
rality of resistive inserts, a RF voltage supply, and a DC
voltage supply. The plurality of electrodes may be arranged
about a device centerline to form an internal volume. At least
two of the electrodes may include a longitudinally extending
gap. The electrodes include an inward surface facing the
device centerline to form a periphery of the internal volume.
The plurality of resistive inserts may be configured to be
proximate to at least two of the gaps and radially aligned with
respect to the device centerline. The resistive inserts may
include an innermost surface that faces the device centerline
where the innermost surface i1s a first distance from the
periphery of the internal volume. The RF voltage supply may
be configured to apply a RF voltage to the plurality of elec-
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trodes that establishes a RF field to radially confine 1ons. In an
embodiment, the RF voltage supply may also be configured to
apply the RF voltage to the plurality of resistive inserts. The
DC voltage supply may be configured to apply a first DC
voltage to a first location of the resistive 1nsert and a second
DC voltage to a second location of the resistive 1nsert that
establishes an axial electric field gradient along at least a
portion of the device centerline. The second DC voltage 1s
different than the first DC voltage and the second location 1s
longitudinally spaced apart from the first location.

A mass spectrometer may include an 1onization source, an
ion guide, a mass analyzer, and a detector. The 1onmization
source may be configured to 10n1ze molecules. The 10n guide
may include a plurality of electrodes arranged about a device
centerline to form an internal volume. At least two of the
clectrodes may include a longitudinally extending gap. The
clectrodes include an mmward surface facing the device cen-
terline to form a periphery of the internal volume. A plurality
ol resistive 1nserts may be configured to be proximate to at
least two of the gaps and radially aligned with respect to the
device centerline. The resistive inserts may include an inner-
most surface that faces the device centerline where the 1nner-
most surface 1s a first distance from the periphery of the
internal volume. A RF voltage supply may be configured to
apply a RF voltage to the plurality of electrodes that estab-
lishes a RF field to radially confine 1ons. In an embodiment,
the RF voltage supply may also be configured to apply the RF
voltage to the plurality of resistive inserts. A DC voltage
supply may be configured to apply a first DC voltage to a first
location of the resistive insert and a second DC voltage to a
second location of the resistive insert that establishes an axial
clectric field gradient along at least a portion of the device
centerline. The second DC voltage 1s different than the first
DC voltage and the second location 1s longitudinally spaced
apart from the first location. The mass analyzer may be con-
figured to receive the 1onized molecules from the 1on guide
and filter the 1onized molecules so that a subset of 1onized
molecules having a particular mass to charge ratio passes
through. The detector may be configured to receive and mea-
sure the 1onized molecules from the mass analyzer.

In another embodiment of an 10n guide, it includes a plu-
rality of electrodes, a plurality of conductive inserts, a RF
voltage supply, and a DC voltage supply. The plurality of
clectrodes may be arranged about a device centerline to form
an mternal volume. The internal volume can include a front
end configured to allow 10ns to enter and a back end config-
ured to allow 1ons to exit. At least two of the electrodes may
include a longitudinally extending gap. The electrodes may
include an inward surface facing the device centerline to form
a periphery of the imnternal volume. The plurality of conduc-
tive mserts may be configured to be proximate to at least two
of the gaps and radially aligned with respect to the device
centerline. The conductive inserts may include an innermost
surface that faces the device centerline. The innermost sur-
face may 1nclude a second distance from the periphery of the
internal volume at the front end of the 10n guide. In addition,
the innermost surface may also include a third distance from
the periphery of the internal volume at the back end. The
second distance at the front end being greater than the third
distance at the back end. The RF voltage supply may be
configured to apply a RF voltage to the plurality of electrodes
that establishes a RF field to radially confine ions. In an
embodiment, the RF voltage supply may also be configured to
apply the RF voltage to the plurality of conductive inserts.
The DC voltage supply may be configured to apply a third DC
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voltage to the conductive inserts that establishes an axial
clectric field gradient along at least a portion of the device
centerline.

A method of guiding 10ns 1n a mass spectrometer may
include 1njecting 1ons nto an 1on guide. The 1on gumide may
include a plurality of electrodes and a plurality of inserts. The
plurality of electrodes may be arranged about a device cen-
terline to form an internal volume. The internal volume may
include a front end configured to allow 1ons to enter and a
back end configured to allow 10ns to exit. At least two of the
clectrodes may include a longitudinally extending gap. The
plurality of 1nserts may be configured to be proximate to at
least two of the gaps. The inserts may include an innermost
surface that faces the device centerline where the mnermost
surface includes a first distance from a periphery of the inter-
nal volume. A RF voltage may be applied to the plurality of
clectrodes to establish a RF field to radially confine 1ons. In an
embodiment, the RF voltage may also be applied to the plu-
rality of inserts. Atleast one DC voltage may be applied to the
plurality of inserts to establish an axial electric field gradient
along at least a portion of the device centerline.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated
herein and constitute part of this specification, illustrate pres-
ently preferred embodiments of the invention, and, together
with the general description given above and the detailed
description given below, serve to explain features of the
invention (wherein like numerals represent like elements). A
detailed understanding of the features and advantages of the
present invention will be obtained by reference to the follow-
ing detailed description that sets forth illustrative embodi-
ments, in which the principles of the mvention are utilized,
and the accompanying drawings of which:

FI1G. 1 1llustrates a schematic view ol a mass spectrometer
in which an 1on guide constructed in accordance with an
embodiment of the invention may be implemented;

FIG. 2 illustrates a simplified perspective view of an 10on
guide that includes segmented rectangular electrodes and
resistive 1nserts:

FIGS. 3A and 3B illustrate a front and back end view,
respectively, of an 1on guide, 1n accordance with FIG. 2;

FI1G. 4 1llustrates a simplified schematic view of a resistive
insert and an electrode where both the resistive insert and the
clectrode have about the same length;

FI1G. 5 illustrates a simplified schematic view of a resistive
insert and an electrode where a back end of the resistive insert
1s recessed inward from a back end of the electrode;

FI1G. 6 illustrates a simplified schematic view of a resistive
insert and an electrode where a front end of the resistive insert
1s recessed inward from a front end of the electrode;

FIG. 7 illustrates a simplified partial end view of the 10on
guide of FIGS. 2 and 3, which includes a resistive 1nsert and
two corresponding electrode portions where the resistive
insert 1s proximate to a longitudinally extending gap;

FIG. 8 1illustrates another embodiment of an 1on guide
where the electrodes extend outwardly to screen frnging RF
fields at both ends of the 10n guide;

FI1G. 9 illustrates an end view of the another embodiment of
an 1on guide that includes eight elongated rods;

FIGS. 10A and 10B 1illustrate a front and back end view,
respectively, of another embodiment of an 10on guide that
includes conductive 1nserts;

FIG. 11 1llustrates a simplified partial end view of an 1on
guide that includes a front plate;
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FIG. 12 1s a graph 1llustrating the electric field penetration
into an 1on guide as a function of the first distance D1; and

FIG. 13 1llustrates a simplified partial end view of another
embodiment of an 10n guide where the electrodes and resis-
tive 1nserts are integrated into a PCB.

DETAILED DESCRIPTION OF EMBODIMENTS

The following detailed description should be read with
reference to the drawings, in which like elements 1n different
drawings are 1dentically numbered. The drawings, which are
not necessarily to scale, depict selected embodiments and are
not intended to limit the scope of the imnvention. The detailed
description illustrates by way of example, not by way of
limitation, the principles of the mvention. This description
will clearly enable one skilled 1n the art to make and use the
ivention, and describes several embodiments, adaptations,
variations, alternatives and uses of the invention, including
what 1s presently believed to be the best mode of carrying out
the mvention. As used herein, the terms “about” or “approxi-
mately” for any numerical values or ranges indicate a suitable
dimensional tolerance that allows the part or collection of
components to function for 1ts imntended purpose as described
herein.

FIG. 1 1llustrates a schematic view of a triple quadrupole
mass spectrometer 600 which may incorporate one or more
ion guides constructed 1n accordance with embodiments of
the invention. Mass spectrometer 600 includes an electronic
controller 618, a power source 616 configured to supply a RF
voltage to the 1on guides and quadrupole mass filters, and a
voltage source 620 configured to supply one or more DC
voltages to various components. Mass spectrometer 600 1s
configured with an 1onization source 626 and an inlet section
602. Examples of ionization sources configured to 1onize
molecules may include electrospray 1onization, chemical 10n-
1zation, thermal 1onization, and matrix assisted laser desorp-
tion 10nization sources. In addition, mass spectrometer 600
includes 1on guides 604 and 608, as well as quadrupole mass
filters 606 and 610. As known 1n the art, each mass filter 606,
610 1s configured to selectively transmit a subset of 1ons
having a particular mass to charge ratio (determined by the
amplitudes of the applied RF and resolving DC voltages). Ion
guide 608 1s positioned within a gas-filled enclosure to form
a collision cell for controlled dissociation of incoming pre-
cursorions. Ion guides 604, 608, and analyzer 606, 610 define
an 1on path 624 from the inlet section 602 to at least one
detector 622. The detector 1s configured to receive the 10ns
transmitted along ion path 624 and responsively generate a
signal representative of the number of recerved 10ons. Any
number of vacuum stages may be implemented to enclose and
maintain any of the devices along the 10on path at a lower than
atmospheric pressure. The electronic controller 618 1s oper-
ably coupled to the various devices including the pumps,
Sensors, 10n source, 10n guides, collision cells and detectors to
control the devices and conditions at the various locations
throughout the mass spectrometer 600, as well as to receive
and send signals representing the 1ons being analyzed.

As discussed 1n the background section, 1t may be advan-
tageous to establish an axial DC field within the interior of an
ion guide to assist in the movement of 1ons therethrough and
avold the problems associated with prolonged 10n retention.
The prior art includes a variety of structures developed for this
purpose, but many of these structures produce significant
distortion 1n the symmetry of the radially-confining RF field.

Applicant will describe a multipole 10n guide with axial
clectric fields that move 1ons through the 1ion guide, and has
reduced distortion of RF fields. As an example, such multi-
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pole 1on guides may be implemented on mass spectrometer
600 for 1on guides 604 and/or 608. FIG. 2 1llustrates a sim-
plified perspective view of an 1ion guide 100, which includes
a plurality of electrodes (102, 104, 106, and 108), a plurality
of resistive mserts (110, 112, 114, and 116), a DC voltage

supply 130, and a RF voltage supply 128. The electrodes
depicted 1n FI1G. 2 are 1n the form of elongated rectangles that
are segmented to form a longitudinally extending gap. Ion
guide 100 also includes a front end 136 configured for 10ns to
enter and a back end 138 configured for 10ns to exit. When 1on
guide 100 1s used 1n a collision cell, it may be further provided
with a conduit (not shown) configured to add a collision gas to
an iternal volume so that precursor 1ons undergo fragmen-
tation via the collision gas to form product 1ons that exit a
back portion of the 10n guide under the influence of the axaal
clectric field gradient. The following will describe 1n more
detail the components and the configuration of 10n guide 100.

While the foregoing paragraph describes the implementa-
tion of 1on guide 100 within a triple quadrupole mass spec-
trometer 600, 1t should be understood that this description 1s
provided by way of example only, and does not limit the
invention to operation in any particular environment. Those
skilled 1n the art will recognize that embodiments of the
invention may be beneficially incorporated into any number
ol mass spectrometer types and architectures.

FIGS. 3A and 3B illustrate, respectively, a front end view
and a back end view of 1on guide 100. Each of the four
clectrodes (102, 104, 106, and 108) include a longitudinally
extending gap 120 that splits the electrode into two separate
portions displaced from one another. Within a particular elec-
trode, a first portion can be referred to with the suffix “a” and
the other respective corresponding second portion can be
referred to with the suffix “b.” As 1llustrated in FIG. 3, a first
clectrode portion can be 102a, 104a, 1064, and 1084, and a
respective corresponding second electrode portion can be
1025, 1045, 1065, and 1085. As 1llustrated in FIGS. 2 and 3,
the longitudinal gap 120 extends the entire length of the
clectrode splitting 1t 1nto separate portions. However, in an
alternative embodiment, the longitudinally extending gap
does not have to extend the entire length of the electrode and
may partially split the electrode into two branches so that they
are still electrically connected along a section of an internal
volume of the 1on guide.

It should be noted that although 1on guide 100 1s depicted as
having four longitudinally extending gaps 120, an alternative
embodiment may include only two gaps so long as they are 1n
an opposing relation with respect to the device centerline.
Additionally, where the alternative embodiment has four
clectrodes, the two remaining electrodes will not have a lon-
gitudinally extending gap and will be 1n an opposing relation
with respect to the device centerline.

Referring back to FIGS. 2 and 3, the plurality of electrodes
(102, 104, 106, and 108) can be arranged about a device
centerline 118 to form an internal volume 122. The device
centerline 118 can be an approximately straight line that 1s
disposed 1n a center portion of the internal volume that inter-
sects both front end 136 and back end 138 of the 10n guide. In
an embodiment, the plurality of electrodes can be symmetri-
cally arranged about the device centerline. The plurality of
clectrodes and the plurality of resistive inserts may both
include an approximately straight longitudinal axis that are
approximately parallel to the device centerline. Alternatively,
the device centerline may include a curvature where the plu-
rality of electrodes and the plurality of resistive nserts both
include a curved longitudinal axis that corresponds to the
curvature of the device centerline.
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FIG. 7 illustrates a simplified partial end view of 1on guide
100 of FIGS. 2 and 3, which includes a resistive insert (110,
112, 114, or 116) and two corresponding electrode portions
(102, 104, 106, or 108, both “a” and “b””) where the resistive
insert 1s proximate to a longitudinally extending gap 120. The
clectrodes can include an mmward surface 124 facing the
device centerline 118 to form a periphery 126 of internal
volume 122. The periphery 126 1s denoted as a dotted line 1n
FIGS. 2, 3, and 7. The aggregate of inward surfaces 124 form
an outline that defines periphery 126 of the internal volume.
Electrode materials may include stainless steel, Invar, or gold
coated glass. Invar 1s a nickel steel alloy that has a relatively
low coeftlicient of thermal expansion (e.g., about 1.2 ppm/°
C.). The electrode materials may have a resistivity ranging
from about 1 to 10x10™" Qm.

The inward electrode surface 124 1n FIGS. 2, 3, and 7 1s
essentially flat with gap 120 1n between the electrode por-
tions. However, the inward surface does not have to be flat and
may be a different shape such as, for example, a curved
surface from a cylinder and a hyperbolic surface. In an
embodiment, the electrodes may be elongated rods where the
rods can be cylinders, squares, rectangles, or other shape
suitable for generating RF fields that can guide 10ns.

The plurality of resistive serts (110, 112, 114, and 116)
are configured to be proximate to each of the gaps 120, as
illustrated 1n FIGS. 2, 3, and 7. In addition, the resistive
iserts (110, 112, 114, and 116) are also radially aligned with
respect to device centerline 118. In an embodiment, the resis-
tive inserts (110,112, 114, and 116) are arranged 1n pairs in an
opposing format with respect to the device centerline 118. For
example, a pair of resistive mserts (110 and 112) 1s arranged
such that an approximately straight line (denoted by dotted
line SL) intersects the two resistive mserts (110 and 112) and
the device centerline 118, as illustrated in FIG. 3A. In addi-
tion, the approximately straight line SL goes through the gaps
proximate to the pair of respective mserts (110 and 112)
without touching the proximate electrodes (102 and 104). In
an embodiment, the plurality of resistive inserts are sym-
metrically arranged about the device centerline. It should be
noted that although 10n guide 100 1s depicted as having four
resistive 1nserts that are proximate to four longitudinally
extending gaps 120, an alternative embodiment may include
only two resistive inserts that are proximate to two respective
gaps so long as they are 1n an opposing format with respect to
the device centerline.

Referring back to FIGS. 3 and 7, the resistive inserts (110,
112,114, and 116) can include an innermost surface 140 that
faces device centerline 118 where innermost surface 140 1s a
first distance D1 from periphery 126 of internal volume 122.
The innermost surface 140 1s an approximately tlat portion of
the resistive isert that 1s closest to and facing the device
centerline 118, as 1s illustrated 1in FIG. 7. In an embodiment,
the mnnermost surface of the resistive insert may represent the
portion closest to the periphery of the internal volume. The
innermost surtface does not have to be flat and may be a
different shape such as, for example, a curved surface from a
cylinder and a hyperbolic surface. In an embodiment, the
resistive msert may be elongated rods where the rods can be
cylinders, squares, rectangles, or other shape suitable for
generating an axial field gradient that can guide 10ns.

An nsert proximate to the gap may represent that a location
of the 1nsert 1s next to, very close 1n space to, neighboring, or
adjacent to the gap. In another embodiment, the resistive
insert may be proximate and, in addition to, be partially
disposed within the gap. The proximate location of the resis-
tive with respect to the gap can be configured so that a sudfi-
ciently strong electric field gradient 1s generated for moving
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along 1ons along the device centerline 1n order to meet instru-
ment performance targets. In an embodiment, the proximate
inserts need to be sulificiently close to the gap so that a suili-
ciently strong axial electric field can be created to move 10ns
along the device centerline. The magnitude of the first dis-
tance D1 range may be influenced by other factors such as DC
voltage, electrode thickness, and gap distance.

In an embodiment, first distance D1 can be approximately
uniform for the entire length of the resistive insert, as illus-
trated in FIGS. 3A and 3B. First distance D1 may range from
about 0.3 millimeters to about 2 millimeters, and preferably
range from about 0.5 millimeter to about 1.0 millimeters.
First distance D1 may be sufficiently large so that the resistive
insert 1s not exposed to a RF field gradient that could cause 1t
to dissipate power. However, first distance D1 may be sutli-
ciently small so that the strength of the electrical field ettec-
twely transmitted through gap 120 can effectively influence
ion movement. It should be noted that configuring a uniform
first distance D1 for the length of the resistive insert provides
for a stmple to make 10n guide design and alignment.

FI1G. 12 1s a graph 1llustrating the electric field penetration
as a function of the first distance D1. More particularly, the
graph shows the relative magmitude of DC electric potential
(the effective field strength) at particular locations 1n an ion
guide. For each value of first distance D1, the graph shows the
elfective field strength at a center point of the gap at the
periphery of the internal volume (diamonds) and also at
device centerline 118 (filled circles). The center point of the
gap at the periphery of the internal volume for exemplary
purposes 1s denoted as a point 160 1n FIG. 3B. The Y-axis in
FIG. 12 shows the effective electric field strength as a per-
centage of the applied DC potential at the resistive insert. In
general, the eflective electric field strength decreases as the
first distance increases.

The resistive msert may be a normal semiconductor, resis-
tive material coated 1insulator, or a composite material such as
resin impregnated with electrically conductive particles (car-
bon filled PEEK for instance). In an embodiment, the plastic
may be an ESd (electrostatic dissipative) material such as, for
example, the commercially available Semitron 480 (rein-
torced polyetheretherketone (PEEK)). The resistive insert
may have a surface resistivity ranging from about 107 to about
10"° ohms per square, and preferably range from about 10° to
about 10'° ohms per square. In an alternative embodiment,
the resistive insert may be 1n the form of a resistive material
disposed on a surface of a printed circuit board (PCB). It
should be noted that the resistive insert has a simple configu-
ration; 1t 1s one continuous part and does not have multiple
segmentations with numerous electrical connections (1.e., >2
per insert) to a DC voltage supply.

The resistive insert may have a relatively uniform resistiv-
ity along 1ts length so that a gradient field has relatively low
distortion. In an embodiment, the resistivity may have a rela-
tive vanation (about one standard deviation) ranging from
about 5% to about 30%, and preferably be less than about
10% for a typical insert having a length of about 10 centime-
ters.

DC voltage supply 130 may be electrically connected to the
plurality of resistive inserts via wires. In an embodiment, a
hole may be drlled into the resistive msert and a conductive
epoxy, or any other conductive adhesive may be used to
secure the wire directly 1nto the resistive insert. In another
embodiment, a clip can be used to secure the wire into the hole
in the resistive 1nsert or to the body of the resistive insert.

Referring back to FI1G. 2, RF voltage supply 128 1s config-
ured to apply a RF voltage to the plurality of electrodes (102,
104, 106, and 108). Note that for purposes of simplifying the
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drawing, the electrical connections of the RF voltage supply
128 to the plurality of electrodes are not shown 1n FIG. 2. The
application of the RF voltage will establish a RF field to
radially confine 1ons along device centerline 118. In an
embodiment, an 1dentical RF voltage can be applied to first
clectrode portion 102a and corresponding second electrode
portion 1025. Since approximately the same polarity, voltage,
and frequency are applied to both electrode portions 102a and
1025, they effectively behave as one electrode 102. In an
embodiment, a RF voltage having a first RF potential RF(+)
can be applied to one opposed electrode set (102a, 1025,
104a, and 1045), and a second RF potential RF(-) can be
applied to another opposed electrode set (106a, 1065, 1084,
and 1085b), as shown 1n FIGS. 3A and 3B. The second RF
potential RF(-) may have an amplitude and frequency 1den-
tical to RF(+), but with a phase opposite to RF(+). RF voltage
may include a voltage ranging from about 100 to about 1000
volts and a frequency ranging from about 0.1 MHz to about 5
MHz. Although the RF voltages are expressed 1n positive
numbers, the RF voltage values could also be negative in
polarity.

In an embodiment, the RF voltage supply 128 can also be
configured to apply a RF voltage to the plurality of electrodes
(102, 104, 106, and 108) and the plurality of resistive inserts
(110, 112, 114, and 116). A RF voltage having a first RF
potential RF(+) can be applied to electrodes 1024, 1025,
104a, and 10454, and resistive inserts 110 and 112, as shown 1n
FIGS. 3A and 3B. In addition, a RF voltage having a second
RF potential RF(-) can be applied to electrodes 1064, 1065,
108a, and 1085, and resistive inserts 114 and 116, as shown in
FIGS. 3A and 3B.

It should be noted that the resistive inserts 1n 10n guide 100
are placed in an approximately zero gradient RF region. This
1s a result of the resistive mnserts being placed proximate to the
gap of corresponding electrode portions where the same RF
potential 1s applied to the electrode portions and the resistive
insert. By placing the mserts 1n an approximately zero gradi-
ent RF region, there 1s little change in observed capacitance
and RF frequencies 1n the ion guide with and without the
application of an axial electric field gradient. It should be
noted that the resistive inserts can be made with relatively
high dissipative materials for generating drag fields in 10on
guides when the resistive inserts are disposed 1n an approxi-
mately zero gradient RF region.

Under circumstances where an insert 1s placed between
two RF electrodes that have different RF potentials, a strong
RF gradient can exist and cause power to dissipate into the
isert. For example, locating a resistive isert in between
clectrode portions 1026 and 106a would cause the resistive
insert to be 1n a relatively high RF gradient field. This con-
figuration can cause a RF power dissipation 1n the resistive
plastic. During frequency tuning, this can appear as degrada-
tion in the measured signal 1n the form of significant tune
curve peak broadening and higher RF current consumption. A
possible result of this power dissipation can be heat buildup
and destruction of the insert. For the situation where the
inserts are exposed to strong RF gradients or fringing RF
fields, applicants believe that the inserts need to be con-
structed with materials having relatively low dissipation loss
factors. In turn, applicants believe that there are a limited
number of materials that can be used for resistive inserts that
have the appropriate resistivity, dissipative loss factor, and
uniform resistivity simultaneously. However, for the embodi-
ments where inserts are disposed proximate to the gap in an
approximately zero gradient RF region, applicants believe
that many other materials could be used as an 1nsert because
materials with higher dissipation loss factors could be used.
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In the embodiment where the resistive inserts are disposed
proximate to the gap, the dissipation loss factor of the resis-
tive isert may be greater than about 0.01, and be about 0.266
at 1 MHz for Semitron 480 1n the embodiment.

DC voltage supply 130 1s configured to apply a DC voltage
difference along each one of the plurality of resistive inserts
(110,112,114, and 116). More particularly, DC voltage sup-

ply can apply a first DC voltage DC1 to a first location for
cach of the resistive mserts (110, 112, 114, and 116) and a
second DC voltage DC2 to a second location for each of the
resistive mserts, as shown in FIGS. 3A and 3B. For purposes
of simplicity, the electrical connections from the DC voltage

supply 130 to the first and second location of resistive insert
1101s1llustrated in FI1G. 2, but not to the other resistive inserts
112, 114, and 116. The application of the DC voltages can
establish an axial electric field gradient along at least a portion
of the device centerline. The second DC voltage needs to be
different than the first DC voltage and the second location
needs to be longitudinally spaced apart from the first location.
It should be noted that both DC and RF voltages can be
applied to the resistive insert, as 1s shown 1n FIGS. 3A and 3B.
In an embodiment, the difference 1n the applied voltage from
the first location to the second location along the device
centerline (e.g., (DC-DC2)/LL1) ranges from about 0.5 V/cm
to about 5 V/cm. For example, where L1 1s about 10 centime-
ters, the difference in the applied voltage from the first loca-
tion to the second location ranges from about 5 Volts to about
50 Volts.

It should be noted that the arrangement of resistive inserts
in 10n guide 100 with the DC voltage difference provides a
low distortion in RF field, with the distortion appearing in the
dodecapolar non-linear term. In contrast, the tilted and
tapered electrode configurations described 1n U.S. Pat. Nos.
5,847,386 and 6,111,250 provide a higher distortion in RF
field where the distortion appears 1n the octupolar term. Elec-
trode geometries that have rotational symmetry along a
device centerline will have less RF distortion as compared to
clectrodes geometries that do not have rotational symmetry
such as, for example, the tilted and tapered electrode configu-
rations. As aresult, 10n guide 100 and others described herein,
that have rotational symmetry with respect to the device cen-
terline, provide RF fields with relatively lower distortion
caused by the octupolar field component. Reduced contribu-
tion of this component to the RF field will diminish negative
eifects of non-linear resonances on mass dependency 1n 10n
transmission.

FI1G. 4 1llustrates a simplified schematic view of an elec-
trode (102, 104, 106, or 108) and a resistive msert (110, 112,
114, or 116) where the length of the electrode and resistive
insert are about the same. Although 1on guide 100 1s shown
with four electrodes and four resistive inserts, only one elec-
trode and one 1nsert 1s shown for illustrative simplicity in FIG.
4. The resistive insert can include a first length L1 and the
clectrodes can include a second length 1.2. Both first length
L1 and second length .2 can be about the same and approxi-
mately parallel to the device centerline 118. First length 1.1
and second length 1.2 can both be approximately bounded at
front end 136 and back end 138 of the 10n guide so that they
approximately correspond with a length of the internal vol-
ume. First length L1 and second length .2 may range from
about 2 centimeters to about 20 centimeters. In an embodi-
ment, a {irst DC voltage DC1 can be applied to first location
132 adjacent to a front end 142 of the resistive insert. A second
DC voltage DC2 can be applied to second location 134 adja-
cent to a back end 144 of the resistive insert.

Now that the situation has been described where the 1nsert
and electrode have about the same length, the following will
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describe embodiments where the resistive insert length L1 1s
less than the electrode length 1.2. More particularly, a back
end of the resistive insert can be recessed inward, as 1llus-
trated 1n FIG. 5, and alternatively the front end of the resistive
insert can be recessed inward, as 1llustrated in F1G. 6. Where
the back end of the resistive insert 1s recessed inward, a
“push” mechanism 1s required to move 1ons along the 1on
guide. In contrast, where the front end of the resistive insert 1s
recessed inward, a “pull” mechanism 1s required to move 1ons
along the 10n guide.

FIG. 5 1llustrates a simplified schematic view of a resistive
msert (110,112,114, or 116) and an electrode (102, 104, 106,
or 108) where a back end 144 of the resistive insert 1s recessed
inward from a back end 148 of the electrode. The first length
L1 may be shorter than the second length L2 by a distance
ranging from about 2 millimeters to about 5 millimeters. This
distance representing the inward recess of the resistive mnsert
may also be referred to as third length L.3. Similar to FIG. 4,
both first length L1 and second length 1.2 can be approxi-
mately parallel to the device centerline 118. In accordance
with FIG. 5, the resistive msert 1s arranged so that a front end
142 of the resistive mnsert 1s approximately aligned with a
front end 146 of the electrodes. However, a back end 144 of
the resistive 1nsert 1s not aligned with a back end 148 of the
clectrodes. The first location 132 1s adjacent to front end 142
ol the resistive insert and the second location 134 1s adjacent
to back end 144 of the resistive 1nsert.

Referring back to FIG. 5, the embodiment also includes a
first lens 156 and a second lens 158. The first lens 156 1s
located adjacent to the front end 146 of the electrodes and
second lens 158 1s located adjacent to the back end 148 of the
clectrodes. Because the resistive insert 1s recessed inward at
the back end, the 1ons will be “pushed” through the 10n guide
so long as the appropriate magnitude and polarnty of DC
potentials are applied to the first lens DC, ., first location
DC1, second location DC2, the electrodes DC_ . . and pre-
ceding 10n optics. DC, __ ; refers to the DC voltage applied to
first lens 156. DC___ . refers to the DC voltage applied to the
clectrodes (102, 104, 106, and 108). For the scenario where
the 10ns are positive, then the following condition needs to be
satisfied DC1>DC2>DC_ _ for push action so that the 1ons
are suificiently energized to be pushed through the 10n guide.
In view of relationship DC1>DC2>DC_ . . an extra local
potential barrier occurs on the multipole axis near the DC1
location. Voltages on the preceding 1on optics, DC, . _,, and
DC_ . are to be set accordingly to provide 1ons with suifi-
cient energy to compensate for this potential barrier. This
voltage difference may be about 0.5 Volts to about 5 Volts.

FIG. 6 1llustrates a simplified schematic view of a resistive
msert (110,112,114, or 116) and an electrode (102, 104, 106,
or 108) where a front end 142 of the resistive insert1s recessed
inward from a front end 146 of the electrode. Third length 1.3
may approximately correspond as the distance between front
end 142 of the resistive msert and the front end 146 of the
electrode. In accordance with FIG. 6, the resistive insert 1s
arranged so that a back end 144 of the resistive insert 1s
approximately aligned with a back end 148 of the electrodes.
However, a front end 142 of the resistive insert 1s not aligned
with a front end 146 of the electrodes.

Referring back to FIG. 6, the embodiment also includes a
first lens 156 and a second lens 158 that 1s configured in a
manner similar to the embodiment in FIG. 5. For the situation
where the resistive insert 1s recessed inward at the front end,
this will cause 10ns to be “pulled” through the 10n guide so
long as the appropriate magnitude and polarity of DC poten-
tials are applied to the first location DC1, second location
DC2, second lens DC; _ _,, the electrodes DC and down-
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stream 10n optics. DC, _ _, refers to the DC voltage applied to
second lens 158. For the scenario where the 10ons are positive
and both DC1 and DC2 are less than zero, then the following

condition needs to be satisfied DC2<DC1<DC,_ . so that
lons are su

1C1ently energized to be pulled through the 10n
guide. A mimmimum potential can form in the 10n guide near the
back end of the resistive insert where DC magnitude from
resistive msert 1s at the lowest. The distance between the back
end of the resistive insert and the second lens, and also the DC
offset on the second lens, should be low enough to prevent
potential well formation.

Referring back to FIG. 7, gap 120 may include a first gap
distance (G1 that represents a distance between two electrode
portions at periphery 126 of the internal volume. In an
embodiment, the first gap distance G1 may range from about
0.5 millimeters to about 1.5 millimeters. As the first gap
distance (1 decreases, the distortion 1n the RF field decreases
as well as the axial field strength effectively applied by the
resistive 1nsert. However, as the first gap distance Gl
increases, the distortion 1n the RF field increases, and the
resistive insert can more effectively transmait a stronger axial
field through the gap. Thus, a balance must be determined
based on the uniformity of the RF field and the ability of the
resistive msert to transmit a sufficiently strong axial field.

Under certain circumstances where there 1s a need for a
simple design, an electrode may have uniform thickness
where thickness 1s a distance between an outward surface and
inward surface. However, in FIG. 7, the thickness of the
clectrode 1s variable across the width W of the electrode. As
illustrated in FI1G. 7, the electrode can include a first thickness
T1, and second thickness T2 at a protrusion portion 152
which illustrates a decreasing thickness at an area close to the
gap. In an embodiment, width W may range from 0.4 centi-
meters to about 1.0 centimeters. Each electrode portion can
include a protrusion portion 152 having an angle ® at a point
154. The angle ® may range from about 10 degrees to about
50 degrees. The two respective electrode portions can be
arranged so that the two points 154 form first gap distance G1.
The two respective electrode portions can also be configured
to have a larger second gap distance G2 at the outward surface
150. The electrode protrusion includes a smaller second
thickness T2 with a progressively decreasing thickness mov-
ing towards point 154. A purpose of having the pointed elec-
trode protrusion geometry 1s to create an effectively thinner
clectrode thickness proximate to the innermost surface 140 of
the 1nsert so that the axial field can be efficiently transmitted
through the gap. In addition, this geometry also includes a
larger first thickness T1 away from the gap that improves the
structural integrity and alignment of the electrodes for robust
manufacturing.

FI1G. 8 illustrates another embodiment of an 10n guide 900,
which 1s similar to 1on guide 100, except that the electrodes
(902, 904, 906, and 908) extend outwardly to screen resistive
mserts (110, 112, 114, and 116) from iringing RF fields.
Resistive inserts (110, 112, 114, and 116) may be disposed
within a cavity 952. As an example, dotted arrow FR 1llus-
trates how the outwardly extending shape of electrode 9025
can screen a Iringing RF from electrode 906a. The purpose of
the electrode design geometry 1s to reduce the possibility or
exclude dissipative losses at the resistive msert through expo-
sure to RF gradient fields.

Under certain circumstances, adjacent devices such as, for
example, 10n lenses or other quadrupoles can introduce fring-
ing RF fields to a front or back end of an 10n guide. To reduce
such an effect, a front and back plate may be used for each of
the electrodes to screen fringing RF fields. FIG. 11 illustrates
a simplified partial perspective view of another embodiment
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of an 10on guide 1200. Ion guide 1200 1s similar to 1on guide
100, except that each of the electrodes include a front plate
and a back plate. The front plate can be located adjacent or
attached to a front end of the electrode and the back plate can
be located adjacent or attached to the back end of the elec-
trode. As an example, FI1G. 11 illustrates electrode 1202q and
120256 with a front plate 1230 attached to the front end.
Resistive insert 110 may be disposed proximate to a longitu-
dinally extending gap. Front plate and the back plate are
configured to screen fringing RF field at the front and back
ends of the 1on guide. I plates are located adjacent, it 1s
preferred that the same or close RF voltage 1s applied to these
plates as the one on the electrodes 1202a and 12025. In an
embodiment, the front and back plates may be made of the
same material as the electrodes.

FIG. 9 1llustrates a front end view of another embodiment
of an1on guide 1000, which 1s similar to 10n guide 100, except
that each electrode portion 1s 1n the form of an elongated rod
1002a, 10025, 1004a, 10045, 1006a, 10065, 1008a, and
10085. The clongated rods are arranged so that each pair of
respective electrode portions form one electrode. Within a
particular electrode, a first portion can be referred to with the
suifix “a” and the other respective corresponding second por-
tion can be referred to with the sutfix “b.” There 1s a longitu-
dinally extending gap 1020 that 1s disposed 1n between two
respective electrode portions. The plurality of electrodes
(1002, 1004, 1006, and 1008) can be arranged about a device
centerline 118 1n an octupolar like configuration to form an
internal volume 1022. The resistive mserts (110, 112, 114,
and 116) may be proximate to the longitudinally extending
gap 1020. The electrodes can include an inward tangential
surface 1024 facing the device centerline 118 to form a
periphery 1026 of the internal volume. The periphery 1026 1s
denoted as a dotted line 1n FIG. 9. The resistive mserts (110,
112,114, and 116) can include an innermost surface 140 that
faces device centerline 118. The imnermost surface 140 may
be a first distance D1 from periphery 1026 of the internal
volume. In an embodiment, first distance D1 can be approxi-
mately uniform for the entire length of the resistive insert.

Note that the configuration of 1on guide 1000 will have a
more open RF gradient field compared to 1on guides 100 and
900. For example, RF field gradient between electrodes
10025 and 1006a will propagate further 1nto the location of
resistive 1nsert 110 because the open geometry of electrode
10025 does not completely shield resistive insert 110. How-
ever, 1on guide 1000 can still be a viable device so long as the
resistive insert has as a suiliciently low dissipation loss factor.

FIG. 13 illustrates another embodiment of an 10on gude
1300. Ion guide 1300 1s similar to 10n guide 100 except that
the electrodes and resistive inserts have been integrated into a
printed circuit board 1332 (PCB). Such an embodiment can
provide for a simple to construct and robust configuration
because the electrodes and resistive inserts are integrated into
a common PCB backbone. For simplification in illustration,
only one electrode (1302a and 13025) and one resistive insert
1310 1s 1llustrated as an end view of a portion of the 10n guide.
In constructing an actual 1on gmide 1300, four electrodes and
four resistive inserts can be used and assembled 1n a manner
similar to 1on guide 100.

Referring to back to FIG. 13, PCB 1332 includes an elec-
trode 1302 and a resistive msert 1310. Electrode 1302 1s
segmented 1mnto two electrode portions 1302 and 13025 to
form a longitudinally extending gap 1320. Ion guide 1300
also 1includes an 1solator region 1334 that forms a discontinu-
ity between the electrode portion and the resistive insert.
Resistive iserts 1310 1s proximate to the longitudinally
extending gap 1320. The electrodes can include an inward
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surface facing the device centerline to form a periphery 1326
of the internal volume. The periphery 1326 1s denoted as a
dotted line. The resistive inserts can include an inermost
surface 1340 that faces device centerline. The innermost sur-
face 1340 may be a first distance D1 from periphery 1326 of
the internal volume. In an embodiment, first distance D1 can
be approximately uniform for the entire length of the resistive
insert.

Now that various 1on guides with resistive inserts have been
described, the following will describe an ion guide 1100
constructed 1n accordance with a different embodiment of the
invention that includes conductive inserts. In general, 10n
guide 1100 1s similar to 1on gmde 100 in regards to the
clectrode shape, structure, and orientation. In contrast to 10n
guide 100, 1on guide 1100 includes inserts that are more
conductive than resistive inserts and have a tilted arrange-
ment, as 1llustrated in FIGS. 10A and 10B. In an embodiment,
the conductive inserts include a resistivity range typical of
metals such as stainless steel that ranges from about 0.2x107>
Ohm cm to about 1x10™> Ohm cm.

FIGS. 10A and 10B illustrate, respectively, a front end
view and a back end view of 10n guide 1100. Each of the four
clectrodes (102, 104, 106, and 108) include a longitudinally
extending gap 120 that splits the electrode into two separate
portions displaced from one another. Within a particular elec-
trode, a first portion can be referred to with the suifix “a” and
the other respective corresponding second portion can be
referred to with the suihix “b.” The longitudinal gap 120 can
extend the entire length of the electrode splitting 1t 1nto sepa-
rate portions. It should be noted that although 1on guide 1100
1s depicted as having four longitudinally extending gaps 120,
an alternative embodiment may include only two gaps so long
as they are 1 an opposing format with respect to a device

centerline 118.
Referring back to FIGS. 10A and 10B, the plurality of

clectrodes (102, 104, 106, and 108) can be arranged about a
device centerline 118 to form an internal volume 122. The
internal volume includes a front end 136 configured to allow
ions to enter and a back end 138 configured to allow 101ns to
exit. The electrodes include an inward surface 124 that faces
the device centerline to form a periphery 126 of the internal
volume 122.

A plurality of conductive inserts (1156, 1158, 1160, and
1162) can be configured to be proximate to the longitudinally
extending gaps 120, as illustrated in FIGS. 10A and 10B. It
should be noted that although 1on guide 1100 1s depicted as
having four conductive inserts that are proximate to four
longitudinally extending gaps, an alternative embodiment
may include only two conductive mserts that are proximate to
two respective gaps so long as they are 1n an opposing format

with respect to the device centerline.
Asillustrated in FIGS. 10A and 10B, the conductive inserts

(1156, 1158, 1160, and 1162) can include an innermost sur-
face 1140 that faces device centerline 118. FIG. 10A 1llus-
trates a second distance D2 that represents a distance between
innermost surface 1140 and periphery 126 at front end 136.
FIG. 10B 1illustrates a third distance D3 that represents a
distance between imnermost surface 1140 and periphery 126
at back end 138. Because the conductive inserts are config-
ured 1n a tilted arrangement, the second distance D2 1s greater
than third distance D3.

The mnermost surface 1140 1s an approximately flat por-
tion of the conductive insert that 1s closest to and facing the
device centerline 118. In an embodiment, the innermost sur-
face of the conductive insert may represent the portion closest
to the periphery of the internal volume. The innermost surface
does not have to be tlat and may be a different shape such as,
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for example, a curved surface from a cylinder and a hyper-
bolic surface. In an embodiment, the conductive insert may be
clongated rods where the rods can be cylinders, squares,
rectangles, or other shape suitable for generating an axial field
gradient that can guide 1ons.

In an embodiment, second distance D2 may range from
about 1 millimeter to about 2 millimeters and third distance
D3 may be about 0.5 millimeters for a conductive insert
having a length of about 10 centimeters. The orientation slope
of the conductive msert may range from about 0.005 millira-
dians to about 0.015 milliradians. Conductive insert may be
made of material similar to those used for the electrodes and
with a similar resistivity range. It should be noted that con-
ductive insert may also be referred to as a metal insert.

Similar to 1on guide 100, the RF voltage supply can be
configured to apply a RF voltage to the plurality of electrodes
(102,104,106, and 108) 1n 1on guide 1100. The application of
the RF voltage will establish a RF field to radially confine 1ions
along device centerline 118. In an embodiment, a RF voltage
having a first RF potential RF(+) can be applied to electrodes
102a, 1025, 104a, and 1045, and a RF voltage having a
second RF potential RF(-) can be applied to electrodes 1064,
1065, 1084, and 1085, as shown 1n FIGS. 10A and 10B.

In an embodiment, the RF voltage supply 128 can also be

configured to apply a RF voltage to the plurality of electrodes
(102, 104, 106, and 108) and the plurality of conductive

iserts (1156, 1158, 1160, and 1162). A RF voltage having a
first RF potential RF(+) can be applied to electrodes 102a,
1025, 104a and 1045, and conductive inserts 1156 and 1158.
In addition, a RF voltage having a second RF potential RF(-)
can be applied to electrodes 106a, 1065, 108a, and 1085, and
conductive 1nserts 1160 and 1162. It should be noted that the
conductive 1nserts 1n 10n guide 1100 are placed in an approxi-
mately zero gradient RF region. By placing the inserts in an
approximately zero gradient RF region, there is little change
in observed capacitance and RF frequencies 1n the 10n guide
with and without the application of an axial electric field
gradient.

DC voltage supply 130 can be configured to apply a static
voltage to the plurality of conductive mnserts (1156, 1158,
1160, and 1162). The application of the DC voltage can
establish an axial electric field gradient along at least a portion
of the device centerline. The static voltage may be referred to
as a third DC voltage DC3. Where the second distance D2 1s
greater than third distance D3, the third DC voltage DC3 may
range from about -50 to about -5 volts. For the situation
where the third DC voltage DC3 1s a negative value, a “push”™
mechanism occurs to move 1ons along the 10n guide.

DC voltage supply 130 may be electrically connected to the
plurality of conductive mserts via wires. In an embodiment, a
hole may be drilled mto the conductive 1nsert and a conduc-
tive epoxy, conductive adhesive, or solder may be used to
secure the wire to the conductive mnsert. In another embodi-
ment, a clip can be used to secure the wire into a hole 1n the
conductive insert.

It should be noted that the configuration of 1on guide 1100
with conductive iserts does not significantly change tank
circuit parameters such as capacitance and RF frequency.
Thus, only a relatively small amount of fine tuning 1s required
for a smooth transition between implementing embodiment
designs with and without a drag field.

In an embodiment, a method of guiding ions 1n a mass
spectrometer includes 1njecting 1ons mnto an 10n guide. A RF
voltage can be applied to a plurality of electrodes to establish
a RF field to radially confine 1ons. The RF voltage can also be
applied to the plurality of inserts so that they are in an approxi-
mately net zero RF field. At least one DC voltage can be
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applied to the plurality of 1nserts to establish an axial electric
field gradient along at least a portion of the device centerline.
The axial field gradient moves the 1ons along device center-
line so that the 10ns can be ejected. Next, the ejected 10ons can
be measured as a detection current at a detector so that the
detection current achieves a steady-state value ranging from
about 0.3 to about 1 milliseconds or less.

In an alternative embodiment, an 10on guide having conduc-
tive 1nserts may be configured to use a “pull” mechanism for
moving 1ons along. Such an 1on guide will have the conduc-
tive 1nserts tapered in an opposite manner than that of 10n
guide 1100 such that the second distance D2 1s less than third
distance D3. Thus, in the alternative embodiment where the
second distance D2 1s less than third distance D3, the third DC
voltage DC3 may be a positive value ranging from about +5 to
about +350 volts.

While preferred embodiments of the present invention
have been shown and described herein, it will be apparent to
those skilled 1n the art that such embodiments are provided by
way of example only. Numerous variations, changes, and
substitutions will now occur to those skilled in the art without
departing from the invention. While the invention has been
described 1n terms of particular variations and illustrative
figures, those of ordinary skill in the art will recognize that the
invention 1s not limited to the vanations or figures described.
In addition, where methods and steps described above indi-
cate certain events occurring 1n certain order, those of ordi-
nary skill in the art will recognize that the ordering of certain
steps may be modified and that such modifications are 1n
accordance with the variations of the invention. Additionally,
certain of the steps may be performed concurrently in a par-
allel process when possible, as well as performed sequentially
as described above. Therefore, to the extent there are varia-
tions of the invention, which are within the spint of the
disclosure or equivalent to the inventions found 1n the claims,
it 1s the intent that this patent will cover those varnations as
well.

What 1s claimed 1s:

1. An 1on guide comprising:

(a) a plurality of electrodes arranged about a device cen-
terline to form an internal volume, at least two of the
clectrodes including a longitudinally extending gap, 1n
which the longitudinally extending gap splits the elec-
trode into two portions displaced from one another, the
clectrodes including an inward surface facing the device
centerline to form a periphery of the internal volume;

(b) a plurality of resistive inserts, each configured to be
proximate to a gap, and radially aligned with respect to
the device centerline, the resistive nserts including an
innermost surface that faces the device centerline where
the innermost surface 1s a first distance from the periph-
ery of the internal volume;

(c) aRF voltage supply configured to apply a RF voltage to
the plurality of electrodes that establishes a RF field to
radially confine 1ons, wherein the RF voltage supply 1s
also configured to apply the RF voltage to the plurality of
resistive inserts; and

(d) a DC voltage supply configured to apply a first DC
voltage to a first location of the resistive insert and a
second DC voltage to a second location of the resistive
insert that establishes an axial electric field gradient
along at least a portion of the device centerline, in which
the second DC voltage 1s different than the first DC
voltage and the second location 1s longitudinally spaced
apart from the first location.

10

15

20

25

30

35

40

45

50

55

60

65

16

2. The 10n guide of claim 1, in which two of the resistive
inserts are arranged 1n an opposing format with respect to the
device centerline.

3. The 1on guide of claim 1, in which two the resistive
inserts are arranged so that an approximately straight line
intersects the two resistive inserts and the device centerline

and goes through the gaps proximate to the two respective
inserts.

4. The 1on guide of claim 1, in which the first distance 1s
about the same at both the first and second locations of the
resistive insert.

5. The 1on guide of claim 1, in which the resistive inserts
and the electrodes include a first length and a second length,
respectively, that extend approximately parallel with the
device centerline and configured so that the first length and
the second length are about the same.

6. The 10on guide of claim 1, 1n which the resistive inserts
and the electrodes include a first length and a second length,
respectively, that extend approximately parallel with the
device centerline and configured so that the first length 1s less
than the second length.

7. The 10on guide of claim 1, in which the device centerline
1s approximately straight, and the plurality of electrodes and
the plurality of resistive inserts both include a longitudinal
axis that 1s approximately parallel to the device centerline.

8. The 10n guide of claim 1, in which the device centerline
includes a curvature, and the plurality of electrodes and the
plurality of resistive mserts both include a curved longitudi-
nal axis that corresponds to the curvature of the device cen-
terline.

9. The 1on guide of claim 1, 1n which the plurality of
clectrodes are symmetrically arranged about the device cen-
terline.

10. The 1on guide of claim 1, in which the plurality of
resistive mserts are symmetrically arranged about the device
centerline.

11. The 10n guide of claim 1, 1n which the difference 1n the
applied voltage from the first location to the second location
along the device centerline ranges from about 5V to about 50
V.

12. The 1on guide of claim 1, 1n which the electrodes
include an inward surface facing the device centerline having
a shape selected from the group consisting of a curved surface
from a cylinder, a flat surface, and a hyperbolic surface.

13. The 10n guide of claim 1 further comprising a conduit
configured to add a collision gas to the internal volume.

14. The 10n guide of claim 1, 1n which the first distance
ranges {rom about 0.5 millimeters to about 1.0 millimeters.

15. The 10on guide of claim 1, in which the resistive insert
has a resistivity ranging from about 106 to about 1010 ochms
per square.

16. The 10n guide of claim 1, 1n which the gap ranges from
about 0.5 millimeters to about 1.5 millimeters.

17. The 10n guide of claim 1, in which the resistive mnsert
has a resistivity with a relative variation of less than about
10%.

18. The 10n guide of claim 1, in which the resistive insert
has a dissipation loss factor greater than about 0.01 at 1 MHz.

19. The 1on guide of claim 1, in which the resistive inserts
are proximate to and at least partially disposed within the gap.

20. The 10n guide of claim 1, 1n which the resistive inserts
comprise a plastic.

21. A mass spectrometer comprising:

(a) an 10n1zation source configured to 10n1ze molecules;

(b) an 10n gmde configured to receive the 1onized mol-

ecules, the 10n guide comprising;
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(1) a plurality of electrodes arranged about a device
centerline to form an internal volume, at least two of
the electrodes including a longitudinally extending
gap, in which the longitudinally extending gap splits
the electrode 1mto two portions displaced from one
another, the electrodes including an mward surface
facing the device centerline to form a periphery of the
internal volume;

(11) a plurality of resistive inserts, each configured to be
proximate to a gap, and radially aligned with respect
to the device centerline, the resistive inserts including
an mnermost surface that faces the device centerline
where the innermost surface 1s a first distance from the
periphery of the internal volume;

(111) a RF voltage supply configured to apply a RF volt-
age to the plurality of electrodes that establishes a RF
field to radially confine 1ons, wherein the RF voltage
supply 1s also configured to apply the RF voltage to
the plurality of resistive inserts; and

(1v) a DC voltage supply configured to apply a first DC
voltage to a first location of the resistive mnsert and a
second DC voltage to a second location of the resis-
tive msert that establishes an axial electric field gra-
dient along at least a portion of the device centerline,
in which the second DC voltage 1s different than the
first DC voltage and the second location 1s longitudi-
nally spaced apart from the first location.

(c) a mass analyzer configured to receive the 1onized mol-

ecules from the 1on guide and filter the 10nized mol-
ecules so that a subset of 1oni1zed molecules having a
particular mass to charge ratio passes through; and

(d) a detector configured to receive and measure the 10n-

1zed molecules from the mass analyzer.

22. An 1on guide comprising;:
(a) a plurality of electrodes arranged about a device cen-

terline to form an internal volume, the internal volume
including a front end configured to allow 10ns to enter
and a back end configured to allow 1ons to exit, where at
least two of the electrodes including a longitudinally
extending gap, in which the longitudinally extending
gap splits the electrode 1nto two portions displaced from
one another, the electrodes including an mnward surface
facing the device centerline to form a periphery of the
internal volume;

(b) a plurality of conductive inserts each configured to be

proximate to a gap, the conductive inserts including an
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innermost surface that faces the device centerline where

the innermost surface includes

(1) a first distance from the periphery of the internal
volume at the front end, and

(1) a second distance from the periphery of the internal
volume at the back end, the first distance being greater
than the second distance;

(c) a RF voltage supply configured to apply a RF voltage to
the plurality of electrodes that establishes a RF field to
radially confine 10ns, wherein the RF voltage supply 1s
also configured to apply the RF voltage to the plurality of
conductive inserts; and

(d) a DC voltage supply configured to apply a DC voltage
to the conductive inserts that establishes an axial electric
field gradient to move 1ons along the device centerline.

23. A method of guiding 1ons 1n a mass spectrometer, the

method comprising:

(a) 1njecting 10ns 1nto an 1on guide, the 10n guide compris-
ng:

(1) a plurality of electrodes arranged about a device
centerline to form an internal volume, the internal
volume including a front end configured to allow 10ns
to enter and a back end configured to allow 1ons to
exit, where at least two of the electrodes including a
longitudinally extending gap, 1n which the longitudi-
nally extending gap splits the electrode 1into two por-
tions displaced from one another;

(11) a plurality of inserts, each configured to be proximate
to a gap, the mnserts including an 1nnermost surface
that faces the device centerline where the 1nnermost
surface icludes a first distance from the device cen-
terline;

(b) applying a RF voltage to the plurality of electrodes that
establishes a RF field to radially confine 10ns;

(¢) applying the RF voltage to the plurality of inserts; and

(d) applying at least one DC voltage to the plurality of
inserts that establishes an axial electric field gradient
along at least a portion of the device centerline.

24. The method of claim 23 further comprising:

() measuring a detection current at a detector configured
to recerve 1ons from the 10n guide so that the detection
current achieves a steady-state value within 1 millisec-
onds or less.
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